The influence of the sol-gel preparation condition of the composites of iron hydroxide with fibrous nano-carbon on their electrode properties has been investigated. The morphology, namely particle dispersion feature, of the Fe(OH) x /nano-carbon composites and their electrode properties depend on the preparation conditions, such as titration rate and the kind of alkali. The specific capacity of the composite with carbon nanotube substrate is approximately twice by that with vapor-grown carbon fiber substrate, due to smaller size of the pitches within entangled tubes.
Introduction
Iron is the most abundant transition metal element and has intimately been utilized in human life. In the viewpoint of practical use in electrochemical devices, the low solubility of iron species in alkaline solution similar to cadmium is very attractive. Nevertheless, iron is still minor as species in active material of practical battery electrode. Indeed, there have been many attempts to apply the electrochemical redox reaction between Fe(0) to Fe(II) or Fe(III) to practical battery system as represented by ancient proposal of the Edison battery. 1, 2 Iron-air secondary battery is expected to have high theoretical energy density (1228 Wh kg ¹1 ), and efforts have been progressed for novel power source of electric vehicle. 1, [3] [4] [5] Practically the low utility of iron is one of the main reasons for unexpected low energy density, likely due to the passivation of active mass by the coverage of insulate oxidation product Fe(OH) x during discharge process.
The introduction of nano-carbon substrate is one of effective protocols to improve the utility of iron through retaining electronic conduction network. [6] [7] [8] [9] In particular, fibrous nano-carbon materials are attractive due to their conductivities and providing ability of active mass and electrolyte created by interfibrous pitches. Thus composite electrode which consists of nano-particles of iron species dispersed on such fibrous nano-carbon substance is expected to exhibit improved utility of iron. The authors previously concerned on preparing a composite by mixing commercial iron powder and vapor-grown carbon fiber (VGCF) after disaggregation procedure. 9 The utility of iron was somewhat improved by such composite depending on the disaggregation process. The nano-sizing of iron species on such nano-carbon network is expected to provide further modification of the utility by the increase of active interface on iron. In the present stage, the Sol-gel precipitation, an effective method to provide uniform nanoparticles, has been utilized. 10, 11 Some parameters are to be optimized for the high utility of iron, while rather simple condition without colloid stabilizer in order to avoid the contamination on electrochemical usage. The electrochemistry of iron is somewhat complicated, containing an 'intermediate' oxidation in addition to reversible redox couple Fe(0)/Fe(II). It is also important to understand how the redox process of iron can be controlled. The difference in electrochemical behavior for various composites with different morphologies has also been focused here.
Experimental

Preparation of iron oxide-carbon composite
VGCF (Showa Denko Co.) and multi-walled carbon nanotube (CNT; Nanocyl Inc.) were used as nano-carbon substrates. Ultrasonic irradiation was applied to these substrates in ethanol in order to disaggregate. 9 Iron hydroxide particles were impregnated on carbon substrates via a sol-gel process: alkali solutions such as 1 mol dm ¹3 sodium hydroxide or 1 mol dm ¹3 ammonia was titrated into a suspension of 1 mol dm ¹3 hydrochloric acid containing FeCl 3 . 6H 2 O (Kanto, Japan) and a substrate at the same gravimetric ratio of FeCl 3 under titration rate of 0.25, 1.5, or 3.0 mL min ¹1 until the pH of the bath reached eight. After the titration, the suspension was filtrated by a filter paper (No. 2, Toyo Roshi Co., Japan). The precipitation remained on the filter paper was collected and dried at ambient circumstance. The morphology of the obtained composites was observed by scanning electron microscope (SEM; VE-8800, Keyence Co., Japan). In order to estimate the content of iron species in the composites, iron species was dissolved by hydrochloric acid to 1 liter, and the concentration of iron in the solution was determined by induced-couple plasma spectroscopy (ICP; ICPE-9000, Shimadzu Co., Japan).
Electrochemical tests
For the electrochemical measurements, the Fe(OH) x /nano-carbon composite powders were mixed with poly(tetrafluoroethylene) (PTFE; Mitsui Fluorochem Co., Japan) (10 wt%) and molded into disk form with 7 mm diameter. A three-electrode glass cell was assembled with the molded disk as working electrode, Ag/AgCl (Toa denshi Co., Japan) as reference electrode, and platinum plate as counter electrode. The cell contains 2 mol dm ¹3 potassium hydroxide and 1 mol dm ¹3 lithium hydroxide aqueous solution as electro- lyte. 12 The performances of the Fe/nano-carbon composites were monitored by potentiostatic-chronoamperometric coupled measurement using a potentio-galvanostat (Solartron 1280). This measurement contains a polarization at ¹1.2 V during 30 minutes, and then the application of constant-current of 0.5 mA cm ¹2 until the potential of working reached at ¹0.2 V.
Results and Discussion
The composites prepared in the present study contain iron-based precipitation. Such iron-based precipitation obtained in alkali solution has been assumed as the mixture of FeOOH, Fe 2 O 3 , and Fe 3 O 4 while the rigorous composition has not precisely been determined. The authors have also observed highly amorphous structure (no peak) by X-ray diffraction of these precipitations. Therefore, the composites prepared in the present study are hereafter denoted as Fe(OH) x /VGCF or Fe(OH) x /CNT, while the iron hydroxide may not be included in the products. Figure 1 shows SEM photographs of Fe(OH) x /VGCF composites prepared with various titration rate of potassium hydroxide. Fibrous features with several hundreds nanometers diameter, assigned to VGCF fibers, and the dispersion of while particles on VGCF matrix is observable in these photographs. The size of the particles appears to be distributed in the range from several microns to hundreds of nanometers. Large (several micrometer) particles are frequently observed in the image for the composite prepared by the titration rate of 3.0 and 1.5 milliliter per minute, and rather scarce in the one by the titration rate of 0.25 milliliter per minute. Not only the morphology, but the loading amount of the Fe(OH) x deposit is influenced by the titration rate. The loading amounts of Fe in the composites are ca. 13 wt% and ca. 20 wt% for the titration rate of 3.0 and 0.25 milliliter per minute, respectively. The latter amount is consistent with the initial content of iron species in the suspension, while a significant amount of small particles pass through the filter paper in the former case. The slow rate of titration is favorable for the loading of Fe(OH) x particles on VGCF surface. Therefore, hereafter the titration rate of 0.25 milliliter per minute has been applied. Fe(OH) x particle size is considered to be determined by the balance between the nuclei generation rate and the particle growth rate. The results here indicate that the particle growth is slower compared with the nuclei generation, and that slower titration is favorable to obtain uniform, small-sized Fe(OH) x particles. In contrast, the inhomogeneity of the acidity in the suspension with faster alkali titration may promote the formation inhomogeneous particle growth.
The loading amount of Fe in the Fe(OH) x /VGCF composite by ammonia titration is ca. 22 wt%, indicating that the initial iron species in the suspension mostly exists on the composite. The SEM photographs of Fe(OH) x /VGCF composites with different neutralizers, sodium hydroxide or ammonia, are shown in Figs. 2(a) and 2(b), respectively. There are significant secondary aggregates of submicron particles in the composite by the ammonia titration. The secondary aggregates has rather bright image and has the size around tens micrometers. In contrast, the SEM image of the composite by NaOH titration exhibits dispersed features of submicron particles. While weaker base is expected to provide smaller Fe(OH) x particles from the assumption above, the formation of partially-soluble ammine complex may change the rate balance between nuclei formation and particle growth. The constant-current discharge profiles of Fe(OH) x /VGCF by different neutralizers for anodic direction of the first cycle are shown in Fig. 3 . These composite electrodes were preliminarily polarized at ¹1.2 V vs. Ag/ AgCl at 30 min in order to be reduced (charged) completely. For both electrodes, plateaus are shown at ¹1.0 and ¹0.9 V, respectively. These plateaus are attributed to the following reactions: 13, 14 Fe þ 2OH À FeðOHÞ 2 þ 2e À ðat À1:0 VÞ
The latter process may include deeper oxidation to oxides such as Fe 3 O 4 . 2 The horizontal axis indicates the discharge capacity per the unit mass of iron fraction in the composite electrode. The composite obtained by ammonia titration provides 50 mAh of capacity per 1 gram of iron. In contrast, the capacity of the composite obtained by NaOH titration is as high as 150 mAh, around three times of the former. The discharge profiles of Fe(OH) x /CNT and Fe(OH) x /VGCF are shown in Fig. 5 . These discharge processes also follow the polarization at ¹1.2 V vs. Ag/AgCl at 30 min Plateaus shown in this figure indicate the oxidation of iron species at the region, the discharging process. Both Fe(OH) x /VGCF and Fe(OH) x /CNT electrodes show two plateaus around ¹1.0 and ¹0.9 V. The Fe(OH) x / CNT electrode exhibits larger specific capacity, around 330 mAh per the unit mass of iron, compared with Fe(OH) x /VGCF, ca, 140 mAh. The larger capacity value indicates that the utility of iron in Fe(OH) x /CNT is greater compared with Fe(OH) x /VGCF. The plateau at ¹1.0 V in the profile of Fe(OH) x /CNT appears to be extended from the case of Fe(OH) x /VGCF in Fig. 5 . However, the origin of this plateau in relation to the morphology of Fe(OH) x particle, and thus the extent of the plateau is not able to be controlled at the present stage. In practical viewpoint, the control of overpotential in discharge process is important in order to assure the energy density of battery cell. In addition, the capacity of Fe(OH) x / CNT per unit mass of iron is still smaller compared with theoretical value (960 mAh g ¹1 even under the assumption of Fe(0) and Fe(II) redox), indicating low utility of iron. Further study is necessary to clarify the relationship between the nano-structure of the composite and the potential profile by further adjustment of the composite nano-structure.
Conclusion
The titration rate and the kind of titrated alkali at the sol-gel preparation process provide significant influences on the morphology (aggregation status) of the composite of iron precipitate on vapor-grown carbon fiber (VGCF) substrate. The slow titration rate and NaOH solution are preferable to obtain small iron hydroxide particle highly dispersed on VGCF substance with high yield. The titration by NaOH is preferable compared with ammonia solution for dispersed morphology and higher utility of iron of iron participate composite. Carbon nanotube substrate provides higher utility of iron for electrochemical redox reaction compared with VGCF, likely due to the smaller Fe(OH) x particle size with higher degree of dispersion. The specific capacity of iron of 330 mAh g ¹1 has reached by using rather simple preparation procedure. Electrochemistry, 82(4), 273-275 (2014) 
